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ABSTRACT Hydration of oxidized rubredoxin (FeIII(S-Cys)4 center) was investigated by
1H and 17O relaxation measurements
of bulk water as a function of the applied magnetic ﬁeld (nuclear magnetic relaxation dispersion). Oxidized rubredoxin showed
an increased water 1H relaxation proﬁle with respect to the diamagnetic gallium derivative or reduced species. Analysis of the
data shows evidence of exchangeable proton(s) ;4.0–4.5 A˚ from the metal ion, the exchange time being longer than 1010 s
and shorter than 105 s. The correlation time for the proton-electrons interaction is 7 3 1011 s and is attributed to the effective
electron relaxation time. Its magnitude is consistent with the large signal linewidths of the protein donor nuclei, observed in high
resolution NMR spectra. For reduced rubredoxin, such correlation time is proposed to be smaller than 1011 s. 17O relaxation
measurements suggest the presence of at least one long-lived protein-bound water molecule. Analogous relaxation
measurements were performed on the C6S rubredoxin variant, whose iron(III) center has been previously shown to be
coordinated to three cysteine residues and a hydroxide ion above pH 6. 1H nuclear magnetic relaxation dispersion proﬁles
indicate increased hydration with respect to the wild-type.
INTRODUCTION
There is a number of different ways in which water
molecules interact with proteins, including population of
speciﬁc cavities, access of solvent molecules to aspeciﬁc
regions, and aspeciﬁc hydration (Wu¨thrich et al., 1992; Qian
et al., 1993; Bai et al., 1995; Otting and Liepinsh, 1995;
Venu et al., 1997; Otting, 1997; Bertini et al., 2000). The
presence of water molecules surrounding a paramagnetic
metal ion can be detected via magnetic interactions with the
water protons. Chemical exchange between bulk and
coordinated water frequently occurs at a rate higher than
the relaxation rate of coordinated water protons, and this
causes an increase in the proton relaxation rate of bulk water.
Proton nuclear magnetic relaxation dispersion (1H NMRD)
is a technique based on the measurement of the longitudinal
nuclear relaxation time of solvent water protons as a function
of the magnetic ﬁeld. The enhancement in relaxation with
respect to the diamagnetic analog provides information on
the dynamics of the paramagnetic metal ion-solvent
interactions (such as proton exchange rates and correlation
times for the proton-electrons interaction) as well as on the
structure of the system (metal-proton distances, for example)
(Koenig and Brown, 3d, 1990; Bayburt and Sharp, 1990;
Gonzalez et al., 1994; Aime et al., 1994; Bertini et al., 1995b;
Bertini et al., 1996; Kroes et al., 1996; Elst et al., 1997; Bligh
et al., 1999; Caravan et al., 1999; Anelli et al., 2000;
Hardcastle et al., 2000; Bertini et al., 2001a). Such
measurements provide the sum of the contributions from
water coordinated to the metal ion as long as it is in fast
exchange, exchangeable protons anchored at a protein site,
and outer-sphere water molecules (Hwang and Freed, 1975;
Koenig et al., 1981; Zewert et al., 1994; Chen et al., 1998;
Aime et al., 2000; Botta, 2000; Bertini et al., 2001b).
Whereas 1H and 2H relaxation are affected by hydrogen
exchange between water and protein, 17O NMRD does not
suffer from this complication and it has been established that
the amplitude of the dispersion, whose inﬂection corre-
sponds to the protein rotational correlation time tR, yields
direct information on long-lived water molecules, i.e., water
molecules that are bound to the protein with exchange times
longer than tR (Denisov and Halle, 1995a; Denisov and
Halle, 1996). It was shown that a small number of water
molecules trapped in cavities or coordinated to protein-
bound metal ions was responsible of the 17O NMRD
dispersion observed for the small proteins bovine pancreatic
trypsin inhibitor, ubiquitin and calbindin D9k (Denisov and
Halle, 1995a; Denisov and Halle, 1995b; Denisov and Halle,
1995c). Furthermore, it has been demonstrated that a single
water molecule is immobilized in the oxidized forms of cyt c
and cyt b5 but is released upon reduction (Bertini et al.,
2001c). The residence times of such water molecules,
although longer than tR, are usually shorter than the
reciprocal of the frequency separation between the signals
of free and bound water, so that such water molecules are not
observable directly by high-resolution NMR spectroscopy.
The present work aimed at the investigation of hydration
of a simple protein as the oxidized rubredoxin (Rd), in which
iron(III) is coordinated by four cysteines. The protein and its
redox properties have been extensively studied (Cammack,
1992; Ayhan et al., 1996; Beinert et al., 1997; Meyer et al.,
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1997; Xiao et al., 1998; Eidsness et al., 1999; Xiao et al.,
2001; Bonomi et al., 2002). The approach is that of measuring
1H NRMD proﬁles. Such measurements provide information
on the presence of exchangeable protons close to the
paramagnetic center. 17O NMRD proﬁles were also acquired
to investigate whether such protons belong to long-lived
water molecules. The presence of water molecules near the
redox site could affect the reduction potential by enhancing
the afﬁnity of the site for an electron. The interpretation of the
data proﬁts from analogous measurements on the variant
C6S, in which the coordination is provided by three cysteines
and a solvent hydroxide. The present data reveal both the
presence of ordered water in the proteins and of fast
exchangeable proton(s) close to the Fe(III) site, which are
not clearly revealed in the x-ray data of wild-type Rd (Day
et al., 1992; Sieker et al., 1994; Dauter et al., 1996).
METHODS
Proteins
Isolation of Fe(III) forms of wild-type and C6S proteins has been described
previously (Ayhan et al., 1996; Xiao et al., 1998; Xiao et al., 2001). For
substitution with Ga(III), expressed wild-type or C6S protein was
precipitated by addition of trichloracetic acid and b-mercaptoethanol to
concentrations of ;5–10% and 0.15 M, respectively, producing a white
precipitate under a yellow supernatant. After centrifugation (7,600 rpm,
5 min), the protein pellet was washed with trichloracetic acid solution
(5%) containingb-mercaptoethanol (50mM), centrifuged (7,600 rpm, 5min),
and redissolved in a minimum volume of Tris base (0.5 M) containing
b-mercaptoethanol (0.15 M). After a twofold dilution with water, the
precipitation and dissolution procedure was repeated. The ﬁnal pH was ;8.
A twofold molar excess of gallium(III) nitrate (200 mM) was added. After
incubation on ice (1 h), a precipitate was removed by ﬁltration. The solution
was diluted fourfold with buffer (Tris-HCl, 50 mM, pH 7.8) before
application to an anion exchange column (1.5 cm 3 5.0 cm), which had
been equilibrated with Tris (50 mM, pH 7.8). A salt gradient (0.1–0.3 M)
was applied and a single symmetrical peak eluted. The protein peak was
collected, concentrated (Centricon), and loaded onto a high-resolution UNO
Q column (3 cm 3 0.5 cm, Bio-Rad) equilibrated with buffer (Tris-HCl,
50 mM, pH 7.8). A salt gradient (0.1–0.3 M) was applied using the auto-
mated Biologic System (Bio-Rad). A single symmetrical peak eluted at the
salt concentration expected for the Fe(III) forms of Rd. Peaks assignable to
apoprotein (Cross et al., 2002) were absent. The UV-visible electronic
spectrum consisted of a single peak at 280 nm with no absorption above
background in the visible region, consistent with the removal of Fe(III) and
the incorporation of Ga(III). The Ga(III) forms of both wild-type and C6S
proteins exhibited well-resolved 1H-15N HSQC NMR spectra with the
expected number of crosspeaks.
1H NMRD
Longitudinal water proton relaxation rates were measured with a Koenig-
Brown ﬁeld cycling relaxometer (0.02–50 MHz proton Larmor frequency
range) (Bertini et al., 2001a). The instrument provides R1 values with an
error of ;1%. NMRD proﬁles were obtained by plotting proton relaxation
rates as a function of applied magnetic ﬁeld.
Using known molar absorptivities at 280 nm (Xiao et al., 1998), the
concentrations of oxidized Fe(III) Rd in wild-type and C6S forms in
phosphate buffer (20 mM; pH 7.0) were determined to be 6.86 and 6.72 mM,
respectively. The concentrations of the respective Ga(III)-substituted Rd,
used to evaluate the diamagnetic contribution, were 6.52 and 3.03 mM,
assuming the molar absorptivities at 280 nm to be those of the Zn(II)
derivatives.
17O NMRD
Water 17O NMR measurements on 20% 17O-enriched water samples were
performed between 4.0 and 81.4 MHz (corresponding to 29.5 and 600 MHz
for protons) with commercially available spectrometers (Bruker AVANCE
600, Bruker DRX 500, Bruker AVANCE 400, Bruker MSL 200) and with a
Bruker CXP 90 electromagnet with variable ﬁeld capability. The sample
temperature was maintained at 300.0 6 0.1K by a thermostated air ﬂow.
Longitudinal relaxation times were measured by the inversion recovery
pulse sequence (1808-t-908). Phase cycling was used to eliminate residual
pulse length and phase errors. At low ﬁelds, up to 256 transients were
accumulated for each t value to improve signal-to-noise ratio. Each
relaxation experiment comprised 17 t values in the interval (0.05–5.0)T1.
The relaxation times were evaluated from exponential nonlinear ﬁts to the 17
data points using standard software. Measurement of the bulk water
relaxation rate, Rbulk ¼ 134.1 6 0.7 s1, was carried out before each
experiment and served as a temperature check on the different spectrometers.
Sample concentrations of Fe(III) Rd in wild-type and C6S variant forms
were, respectively, 3.72 and 3.47 mM in CAPS buffer (20 mM, pH 9.0).
RESULTS
1H NMRD
Proﬁles were acquired for both Fe(III) and Ga(III) forms of
the wild-type and C6S Rds at 283 and 298 K. The Ga(III)
samples provided the diamagnetic contribution to relaxation,
as the experimental values obtained for the Fe(III) samples
are the sum of the diamagnetic and paramagnetic contribu-
tions:
R1 ¼ R1dia þ R1para: (1)
Experimental R1 data, corrected for the diamagnetic
contribution and normalized at 1 mM protein solution, are
reported in Fig. 1. They can be analyzed in terms of binding
and outer-sphere effects, according to existing theories
(Bertini et al., 1995a, 2001a).
R1para can arise from bound and/or outer-sphere fast
diffusing water protons, as well as fast exchanging protein
protons, experiencing dipolar interaction with the unpaired
electrons localized on the metal site (Bertini et al., 2001a):
R1para ¼ fm+
i
T1Mi þ tMið Þ1 þRos (2)
where fm is the mole fraction of the paramagnetic metal,
T1Mi are the relaxation times of each proton due to the
paramagnetic center, and tMi are their exchange times. The
ﬁrst term in Eq. 2 is due to both water or exchangeable
protein protons at ﬁxed distances ri from the paramagnetic
center; the latter, Ros, is due to water protons diffusing freely
close to the paramagnetic center. The values of T1Mi depend
on ri
6 and that of Ros on the distance of closest approach, d,
of diffusing water protons. Actually, Ros depends also on the
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diffusional correlation time tD ¼ d2/Ddiff, where Ddiff is the
diffusion coefﬁcient, according to the following equation:
Ros ¼ 32405p
m0
4p
 21000½RdNAg2I g2em2BSðSþ 1Þ
dDdiff
3 f7JðvSÞ þ 3JðvIÞg (3)
where JðvÞ ¼ ð1 þ 5z=8 þ z2=8Þ=ð1 þ zþ z2=2 þ z3=6 þ
4z4=81þ z5=81þ z6=648Þ and z¼ 2 vtD þ tD=tSð Þð Þ½ 1=2.
All terms in Eq. 2 depend on temperature: T11M may either
decrease or increase with increasing temperature, depending
on the correlation time tc that modulates the relaxation
process; t1M always increases with increasing temperature;
Ros usually decreases with increasing temperature, because
of its dependence on the diffusion coefﬁcient, although its
exact temperature dependence may not be obvious due to the
tD/ts term. However, the larger changes are due to tM, which
decreases signiﬁcantly with increasing temperature, thus
determining a large increase in R1para. The temperature
dependence of the paramagnetic contribution to the NMRD
proﬁles of both wild-type and C6S Rd shows that R1para
decreases with increasing temperature. This indicates that tM
is not dominating with respect to T1M and can thus be
neglected in Eq. 2. Therefore, the NMRD data are sensitive to
solvent accessibility to the metal site through either anchored
or outer-sphere contributions or both. The difference between
bound and outer-sphere water molecules is due to the
residence time. The water is referred to as bound if its
residence time is longer than the diffusional correlation time.
A quantitative analysis of the paramagnetic enhancement
of 1H NMRD proﬁles was performed using a program
described in (Bertini et al., 1995a). A good ﬁt for the data
relative to the wild-type protein could be obtained only if
comparable contributions from both anchored waters and
outer-sphere effects were imposed. As expected (Bertini
et al., 1995b), good agreement could only be obtained by
inclusion of a modest zero ﬁeld splitting (ZFS) parameter,D,
of the S¼ 5/2 multiplet of the Fe(III) ion. Two extreme cases
were considered, one with axial ZFS (solid lines in Fig. 1)
and another with maximal rhombicity (E/D ¼ 1/3) (dotted
lines in Fig. 1). In fact, Rd is reported in most cases to have a
rhombic ZFS, with rhombicity E/D ’ 1/3 (Guigliarelli and
Bertrand, 1999). The best ﬁt parameters are shown in Table
1. At low ﬁelds, they indicate contributions from inner-
sphere molecules of 0.30 s1 mM1 and from outer-sphere
molecules of 0.26 s1 mM1. The ﬁts provide estimates in
the range 7–10 3 1011 s for the correlation time for nuclear
relaxation (tc). tc is the smallest of the rotational, exchange,
and electron relaxation times. As estimated from the
molecular weight of the protein, the rotational time tR is
expected to be ;2 3 109 s (see later). The water proton
exchange time is also expected to be longer than 1010 s.
Therefore, the correlation time coincides with the electron
relaxation time ts. The ts values obtained from the ﬁts are
reasonable for high spin Fe(III) (Bertini et al., 2001a) and
consistent with estimates (Bertini et al., 1999) from high
resolution NMR data (Xia et al., 1995).
The metal-proton distance parameters (r and d for inner-
sphere and outer-sphere contributions, respectively) obtained
for wild-type Rd are also reasonable for the topology of the
protein-solvent interface in the neighborhood of the metal
center. The data may be indicative of a water molecule (i.e.,
two protons) hydrogen bonded to some hydrophilic residues
in the cavity at an average distance of 4.5–4.3 A˚ or,
alternatively, with a single exchangeable protein proton at
4.0–3.8 A˚ from the metal. An r value>4 A˚ is consistent with
the absence of metal-coordinated water. On the other hand,
the relatively large d value (9–10 A˚ ) is not surprising as the
outer-sphere theory holds for a spherical particle where d is
the distance of closest approach from any direction, whereas
in this case the approach is restricted within a solid angle
which is much smaller than spherical. In case the ﬁt is
performed by dividing by two the value of Ros as calculated
by Eq. 3 to consider the fact that water molecules may
diffuse until a distance d only, for instance, in a semisphere,
d decreases to 7.0–8.0 A˚ , and r increases to 4.6–4.4 A˚ , i.e., of
0.1 A˚ only. This makes us conﬁdent of the reliability of the
results of the present ﬁt.
In the case of reduced Rd, the 1H NMRD proﬁle was the
same as that of the diamagnetic Ga(III) derivative within the
experimental error. The lack of paramagnetic relaxation
enhancement is likely to be due to a sizably shorter electron
relaxation time, ts, whose upper limit can be estimated
;1011 s. High resolution 2H NMR data (Xia et al., 1995)
are consistent with a sizably shorter ts for reduced Rd.
The NMRD proﬁles for the C6S variant are dramatically
higher than for the wild-type. Accordingly, the same type of
data analysis (see Table 1) provides metal-proton distance
parameters that are sensibly smaller than those estimated for
FIGURE 1 Paramagnetic enhancements to 1H NMRD proﬁles of wild-
type (open symbols) and C6S ( ﬁlled symbols) Rd at 298 K ( and .,
respectively) and 283 K ( andm, respectively). Solid lines and dotted lines
represent the best ﬁt curves calculated on the assumption of a rhombic
component of ZFS E/D ¼ 0 and E/D ¼ 1/3, respectively. All other
parameters are reported in Table 1.
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the wild-type protein. In fact, at low ﬁelds, the inner-sphere
contribution to relaxivity is 1.2 s1 mM1 and the outer-
sphere contribution to relaxivity is 1.0 s1 mM1.We have no
information on the rhombicity of ZFS in the mutant, so that
the values of the ﬁtting parameters should be considered in the
range provided by the two limit conditions of E/D ¼ 0 and
E/D ¼ 1/3. As a result, the distance of the closest water
molecule decreases from 4.5–4.3 A˚ to 3.8–4.0 A˚ ; d decreases
from 9-10 to 6.5–7.6 A˚ . In case the ﬁt is performed by
considering that water molecules may diffuse in a semisphere
only, d becomes 4.4–5.5 A˚ , and r 3.9–4.1 A˚ . Again, the value
of r is changed of 0.1 A˚ only. This indicates that the sizable
difference in r values between wild-type and mutant Rd is
unchanged if water molecules freely diffuse only in a semi-
sphere. In any case, no ﬁrst-sphere exchangeable protons are
visible by NMR, thus ruling out fast exchange of the co-
ordinated hydroxide proton. Still, bound exchangeable
protons are closer to the metal ion than in the wild-type case.
It is also interesting to note that substitution of S with O also
leads to an increase in the electron relaxation time by about a
factor 2.
17O NMRD
Fig. 2 shows the NMRD proﬁles of water 17O T11 as a
function of the 17O Larmor frequency at 300 K for both wild-
type and C6S mutant Rd. The bulk water relaxation has been
subtracted, and the data normalized to a water:protein molar
ratio of 1. Measurements at lower temperature (not shown)
indicate that the relaxation values are not limited by
exchange. Calculations based on the data obtained from
the analysis of the 1H NMRD show that paramagnetism
contributes negligibly to 17O relaxation. Under these
conditions, the longitudinal quadrupolar relaxation rate
enhancement of 17O due to the interaction with the protein,
R1  Rbulk, is the dominant contribution and, in turn, is
given by the sum of two terms (Eq. 4):
R1  Rbulk ¼ aþ btC 0:21 þ v2I t2C
þ 0:8
1 þ 4v2I t2C
 
a ¼ NS=NTð Þ hRSi  Rbulkð Þ
b ¼ NI =NT
 
vQSIð Þ2
(4)
where vI is the 17O Larmor frequency in rad s1 and NS,NI*,
and NT are the number of surface water molecules, the
effective number of long-lived water molecules, and the total
number of water molecules per protein molecule in the
solution, respectively. hRSi is the average intrinsic spin
relaxation rate of surface water, vQ ¼ 7.61 3 106 rad s1 is
the rigid-lattice nuclear quadrupole frequency (Halle et al.,
1999), and SI is the average (rms) orientational order
parameter for the 17O nuclei of long-lived water molecules.
The parameter a represents the relaxation rate enhance-
ment above the bulk value Rbulk. It gives the value of the
FIGURE 2 17O NMRD proﬁles (expressed as relaxation enhancements
3 the total number of water molecules per protein molecule, NT) of
solutions containing the wild-type (squares) and C6S variant (circles) forms
of Fe(III) Rd. T ¼ 300 K. Lines represent the best ﬁt curves.
TABLE 1 Best ﬁt parameters for the 1H NMRD proﬁles (Fig. 1) of Rd proteins in the cases E/D = 0 and E/D = 1/3
Wild-type C6S
E/D ¼ 0 E/D ¼ 1/3 E/D ¼ 0 E/D ¼ 1/3
Temperature, K 283 298 283 298 283 298 283 298
ts (1012 s) 98 6 9 72 6 16 98 6 19 70 6 8 203 6 16 144 6 21 230 6 23 160 6 16
r (A˚ )* 4.54 6 0.13
(4.04 6 0.12)
4.26 6 0.14
(3.80 6 0.13)
3.83 6 0.17
(3.41 6 0.15)
3.98 6 0.08
(3.54 6 0.07)
D (cm1) 1.5y 1.5y 0.25 6 0.03z 0.80 6 0.08z
d (A˚ ) 9.0 6 0.5§ 10.5 6 0.6 6.5 6 0.3§ 7.6 6 0.3
Errors are calculated with a Monte Carlo procedure.
The diffusion coefﬁcientsDdiff were ﬁxed to 1.3 3 105 cm2/s and 2 3 105 cm2/s at 283 and 298 K, respectively. The rotational time tR was ﬁxed to 2 3
109 s.
*Assuming 2 (or 1) equidistant protons.
yThe angle u between the metal-proton(s) direction and the z axis of the molecular frame was 08 for wild-type and 558 for C6S Rd.
zThe angle u between the metal-proton(s) direction and the z axis of the molecular frame was 08 for both Rd proteins.
§It results tD = 620 3 1012 s and 410 3 1012 s at 283 and 298 K, respectively, for the wild-type, and tD ¼ 330 3 1012 s and 210 3 1012 s at 283 and
298 K, respectively, for the C6S variant.
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high-ﬁeld plateau and is a consequence of the large number,
NS, of water molecules at the protein surface with residence
times much shorter than the rotational correlation time, tR, of
the protein. It may also contain contributions due to local
motions of internal water molecules. The value btC
describes the dispersion step with inﬂection point determined
by the effective correlation time tC given by tC1 ¼ tR1 þ
tM
1 where tM is the lifetime of the water molecule in the
bound state.
The experimental dispersion curves have been ﬁtted to Eq.
4, and the results are shown in Table 2 and in Fig. 2. The ﬁts
were performed under the assumption of a single tC value,
which was found to be tC ’ 2.3 3 109 s, i.e., a value
consistent with the Stokes-Einstein estimate of tR for a
protein of the size of Rd.
The quantity NI*SI2, obtained from the low-ﬁeld disper-
sions and the tC values, represents the minimal number of
long-lived waters, assuming they are orientationally ordered
(SI2¼ 1). If the long-lived waters experience some librational
motions (SI2< 1) and/or their lifetime is of the order or longer
than their intrinsic 17O relaxation time, their number can be
larger than the above quantity. Best ﬁt data show that at least
one water molecule is indeed associated with the protein
(Table 2). In the mutant form NI*SI2 increases from 0.74 6
0.21 to 0.946 0.21, i.e., it remains below 1. Although almost
within the error, the increase may indicate that this water is
more rigid than for wild-type, or that there is a larger fractional
occupation of a second water site. The residence time of a
watermolecule of this typemust be in the range 2 3 109 8
3 106 s, i.e., longer than the rotational time of the protein
and shorter than their intrinsic relaxation time (Denisov and
Halle, 1996; Halle et al., 1999). Even if the x-ray structures
(PDB numbers: 5RXN, 1FHH, 1IRO) of wild-type Rd do not
clearly display any buried water, there is evidence that some
water molecules are in deep surface pockets (likeW2 and W4
in 1IRO), and could thus be responsible of the observed
dispersion. All these waters are anyway far from the
paramagnetic center (more than 8 A˚ ) and cannot thus be
responsible of the observed proton relaxation. Furthermore, it
is reasonable to assume that the position and properties of
such molecules is not affected much by the C6S mutation.
As proposed by Halle et al. (Halle et al., 1999), the
physical meaning of the high-ﬁeld plateau is expressed by
the quantity NS (hRSi/Rbulk  1), where NS is the number of
waters signiﬁcantly different from bulk and hRSi is their
average relaxation rate. The value ofNS can be interpreted as
the number of water molecules in the monolayer around the
protein molecule (Halle et al., 1999). The dynamic
retardation factor hRSi/Rbulk lies in the range of 5–7 for
most investigated native globular proteins (Denisov and
Halle, 1996) and any deviation from that value, in principle,
can indicate the existence of few water molecules in the
protein environment with a residence time longer than tens of
picoseconds but shorter or equal to tR. There is a modest
difference in the high ﬁeld plateau, and thus in NS (hRSi/
Rbulk  1) values, between wild-type and mutant, which is
barely signiﬁcant in the light of the uncertainties obtained
from the ﬁt (Table 2). If so, it might be due to a slight change
in the water network near to the metal binding site. Indeed, as
shown by 1H NMRD, the mutation makes the metal binding
site more open to water, and few water molecules could
approach the metal ion with exchange time shorter than, or of
the same order of, the rotational time of the protein.
DISCUSSION
Water proton relaxation measurements of solutions of
oxidized Rd provide signiﬁcant information on the hydration
of the protein, even if water is not directly coordinated to the
paramagnetic center. Exchangeable protons at around 4.4 A˚
from the metal ion are detected, with a residence time larger
than ts (1010 s). The presence of such exchangeable protons
is not clearly expected by looking at the crystal structure of
the protein. Although in the crystal structure no water is
found close to the iron ion, it is possible that in solution,
water molecule(s) can approach the paramagnetic site.
Analysis of the x-ray structure of oxidized and reduced
wild-type Rd suggested that transient penetration of water
molecules can occur in reduced wild-type Rd due to
conformational changes of leucine 41 (Min et al., 2001); it
is possible that to some extent conformational changes of
leucine 41 may occur in solution also for the oxidized
protein, although they are not observed in the crystal form.
17O relaxation measurements indicate the presence of at
least one long-lived water molecule. Because 17O relaxation
is independent on the distance of water molecules to the
metal ion, two possibilities should be discussed, according to
the hypothesis that such water molecule(s) is close or far
from the metal binding site. If the water is close to the metal,
both 1H and 17O relaxation are likely to be related to the
same water molecule, probably anchored to the protein
through H-bonds. However, protein crystal structures
indicate the presence of at least two water molecules in
deep surface pockets far from the paramagnetic center,
which may be responsible for the inﬂection in the 17O
proﬁle. In this case, 1H and 17O obviously sample different
phenomena, and there is not evidence whether the fast
exchanging protons detected by 1H measurements are
TABLE 2 Best ﬁt parameters for 17O NMRD proﬁles (Fig. 2)
for Rd proteins
Wild-type C6S
NS (hRSi/Rbulk  1) 103 1.0 6 0.1 1.2 6 0.1
hRSi/Rbulk 6.4 6 0.3 7.8 6 0.4
NI
*SI
2y 0.74 6 0.21 0.94 6 0.21
tC (109 s) 2.3 6 0.5
Errors are calculated with a Monte Carlo procedure.
yThe difference in NI*SI2 between the wild-type and the C6S variant is
D(NI*SI2) ¼ 0.20 6 0.10.
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protein protons or water protons. Inspection of residues close
to the metal ion indicates the absence of suitable candidates
for fast exchangeable protein protons. Therefore, the
increase in proton relaxivity observed for the mutant is
more likely to be due to the presence of additional water
protons.
The increased hydration in the C6S mutant is consistent
with a somewhat higher solvent accessibility of the metal site
brought about by a more open conformation imposed by the
serine 6 that allows a hydroxide ion to enter the metal ﬁrst
coordination sphere. Such increased solvent accessibility
may also contribute, at least in part, to the slight increase in
NI
*SI
2 and NS (hRSi/Rbulk  1) from the wild-type to the
C6S mutant, obtained from 17O data, as it would be the case
if the water molecules that can get close to the metal in the
mutant have residence times longer than ts (to account for
the 1H NMRD data) but shorter than, or of the order of, tR.
The peculiar behavior of the C6S variant contrasts with the
other C-to-S variants, C9S, C39S, and C42S, where a
serinate oxygen coordinates the metal ion with minimum
alteration of the native structure. The increased hydration of
the C6S variant with respect to the wild-type (and most likely
also with respect to the other C-to-S variants) could be a
further determinant of the anomalous reduction potential of
the C6S variant. At high pH, the reduction potential of wild-
type Rd is 85 mV, whereas it is 125 mV for C6S and
around 200 mV for the other three C-to-S variants (Xiao
et al., 1998; Xiao et al., 2001). In all cases, the charge of the
metal site passes from 1 to 2 upon reduction. Although it
is possible that H-O versus R-O coordination may by
itself account for the striking difference between the C6S
variant and the other three C-to-S variants, increased solvent
accessibility is expected to favor the more highly charged
reduced state [FeIIS3O]2. This would lower the reduction
enthalpy, and increase the reduction potential with respect to
the other three C-to-S variants.
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